Neovascular age-related macular degeneration (AMD) is characterized by the formation of choroidal neovascularization, which is responsible for more than 80% of cases of severe vision loss. Ubiquitin protein ligase E3D (UBE3D) gene missense has been proven to be associated with neovascular AMD in the East Asian population based on our previous study. In vivo, we explored the role of ube3d in eye development and the mechanisms underlying the development of neovascular AMD in a zebrafish model. In vitro, we investigated the function and mechanism of ube3d in oxidative damage in human retinal pigment epithelium (hRPE) cells. The ube3d gene was knocked down in zebrafish in our experiments, and rescue of ube3d morphants was also performed. We observed the zebrafish model at the molecular level and functional and morphological changes in vivo. Lentivirus-based gene transfer technology was used to overexpress/knockdown ube3d expression in hRPE cells in vitro. hRPE oxidative damage was induced by tert-butyl hydroperoxide (t-TBH). Cell proliferation and migration were assessed. Quantitative real-time PCR and western blot were used to measure the expression levels of UBE3D and CyclinB1. Abnormal eye development was found in zebrafish in this study, including small eyes, delayed retinal development, delayed retrograde melanosome transport, and reduced dark-induced hyper-locomotor activity under light-off conditions. In addition, increased angiogenesis was observed in ube3d morphants. A negative correlation between UBE3D and CyclinB1 was observed. Low UBE3D expression can promote oxidative damage and inflammatory reactions. UBE3D and autophagy have a synergetic effect on anti-oxidative damage. These findings indicate that ube3d may play an important role in the pathogenesis of AMD by affecting retinal development, oxidative damage, and autophagy.
INTRODUCTION
Age-related macular degeneration (AMD), a neurodegenerative disease, is the leading cause of vision loss in elderly persons around the world. 1, 2 Neovascular AMD is a subtype of advanced AMD that is responsible for more than 80% of cases of severe vision loss. 3 Many reports in the literature indicate that oxidative stress and dysfunction of the retinal pigment epithelium (RPE) are associated with the pathogenesis of AMD. [4] [5] [6] Drusen formation has been confirmed to be involved in accumulation of abnormal proteins in the retina. 7 Two main types of protein degradation pathway exist in human cells: the ubiquitin-proteasome system (UPS) and the lysosomal degradation pathway. The ubiquitin-proteasome proteolytic pathway, a major pathway for protein degradation in cells, plays a critical role in protein metabolism. The UPS is essential for protein degradation in mammalian cells. 8 UPS dysfunction can lead to accumulation of abnormal proteins. 9 The UPS requires three enzymes: E1, a ubiquitin-activating enzyme; E2, a ubiquitin-conjugating enzyme; and E3, a ubiquitin ligase that is also called substrate recognition factor. 10, 11 UBE3D, an E3 protein, is also known as ubiquitin-conjugating enzyme E2C-binding protein (UBE2CBP). UBE3D accepts ubiquitin from specific E2 ubiquitinconjugating enzymes and recognizes the target protein to be degraded. Many types of proteins are degraded by this system, including cyclins and other cell-cycle regulators, transcription factors, and inflammatory factors. 8 In addition, the UPS is involved in the removal of damaged or abnormal proteins. Neurodegenerative diseases are characterized by accumulation of aggregates of insoluble proteins. Given the important role of this pathway, unsurprisingly, UPS dysfunction has been implicated in neurodegenerative diseases. 12, 13 In our previous study, we used whole-exome sequencing to determine the role of ubiquitin-protein ligase E3D (9UBE3D) in age-related macular degeneration in east Asian populations. 14 Following the study, we found that Ube3d +/À heterozygous mice expressed decreased levels of the UBE3D protein, and an abnormal amount of pigment granules deposited in the RPE microvilli area in these mice. 14 However, the mechanism underlying these abnormalities induced by UBE3D in a neovascular AMD model remained unclear.
Our previous experiments revealed that homozygous mice died young; therefore, an appropriate zebrafish model was used instead for further study.
The zebrafish serves as an aquatic vertebrate model system, and its eye is a well-laminated structure similar to the eyes of other vertebrates, including humans. The morphological differentiation of structures in the zebrafish eye has been analyzed using light microscopy (LM) and transmission electron microscopy (TEM). 15 Eye morphogenesis in the zebrafish begins at 11.5 h post-fertilization (hpf), and the eyecup is well formed by 24 hpf. By 72 hpf, all of the major retinal cell types and basic synaptic connections are in place. These characteristics render the zebrafish a powerful model organism in human development and disease research.
In this study, in vivo, we characterized the function of ube3d in eye development in zebrafish and explored the mechanisms underlying the involvement of ube3d in neovascular AMD. In vitro, we investigated the function and mechanism of UBE3D in oxidative damage in human RPE (hRPE) cells. 
RESULTS

In Vivo
Knockdown of ube3d in Zebrafish Delays Eye Development and Reduces Eye Size
To investigate the role of ube3d in eye development in zebrafish, we analyzed eye phenotypes and measured eye sizes and body lengths in wild-type (WT) larvae and ube3d morphants. As shown in Figure 1 , the eyecup was well-formed in WT 24-hpf larvae ( Figures 1A  and 1B ), while eye morphogenesis had only just begun in e2-morpholino oligos (e2-MOs) 24-hpf larvae ( Figures 1C and 1D ). At 120 hpf, most e2-MO larvae had smaller eyes than WT larvae of the same age. None of the WT larvae and 70% of the e2-MO larvae had small eyes ( Figure 1G ). Whole-mount in situ hybridization (WISH) showed that ube3d mRNA was specifically expressed in eyes in WT zebrafish ( Figure S1 ). We next measured eye size and body length at 24 hpf, 48 hpf, 72 hpf, and 120 hpf in ube3d morphants and WT larvae. At 120 hpf, the ube3d morphants still had a significantly smaller eye-to-body length ratio and shorter body lengths than the WT larvae ( Figures 1E, 1F , and 1H). Ube3d morphants also had smaller eyes at all other time points examined (data not shown). In addition, ube3d knockdown was confirmed in ube3d morphants ( Figure S2 ). These results show that knockdown of ube3d delays zebrafish eye development.
Rescue of ube3d Morphants
To provide further evidence that the phenotype observed in Figure 1 is caused by ube3d knockdown, we performed the above-mentioned rescue experiment and found that the ube3d MO embryos were partially rescued by coinjection with human UBE3D mRNA ( Figure 2 ).
Knockdown of ube3d in Zebrafish Causes Increased Cell Death in Eyes
To evaluate whether apoptosis contributed to the small size of the eyes observed in the e2-MO zebrafish, we used terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining to detect apoptotic cells. TUNEL staining revealed a higher proportion of apoptotic cells in the eyes of e2-MO 72-hpf larvae (Figures 3C and 3D) than that in WT 72-hpf larvae ( Figures 3A and 3B) . A graphical representation has been provided to demonstrate that the number of apoptotic cells in e2-MO 72-hpf larvae (21.0 ± 2.2) was significantly higher than the number in WT larvae (6.0 ± 2.6; p < 0.05; Figure 3E ).
Knockdown of ube3d in Zebrafish Results in Retinal Degeneration in Adult Zebrafish
To investigate the role of ube3d in the eyes of adult zebrafish, we analyzed retinal structures using H&E staining in transverse retinal paraffin sections of eyes obtained from WT zebrafish and e2-MO and ATG-MO ube3d morphants at 4 months. As shown in Figure 4 , the number of retinal ganglion cells was significantly lower in e2-MO and ATG-MO ube3d morphants than that in WT zebrafish ( Figures  4A-4G ). In addition, all of the layers of the retina in the e2-MO and ATG-MO ube3d morphants were significantly thinner than the layers in the WT zebrafish (Figures 4A-4F and 4H).
Knockdown of ube3d in Zebrafish Results in a Shorter Photoreceptor Outer Segment Layer and Increased Deposition of Pigment Granules
We used TEM to analyze the morphological differentiation of the zebrafish eye. At 72 hpf, TEM of transverse sections cut along the dorsal-ventral axis of the eye revealed shorter photoreceptor outer segments (OSs) and a larger number of deposited pigment granules in the photoreceptor OS layer in ube3d morphants than those in WT larvae ( Figures 5A-5F ). These differences were statistically significant (Figures 5E and 5F). At 120 hpf, photoreceptor OSs were present in WT larvae ( Figures 5G and 5H ), but not in ube3d morphants ( Figures 5I and 5J ).
Knockdown of ube3d in Zebrafish Delays Retrograde Intracellular Transport
To induce maximum melanophore dispersion, we dark-adapted 120-hpf WT and MO larvae, and epinephrine was then used to induce melanosome transport. Following exposure to epinephrine, WT larvae rapidly retracted their melanosomes ( Figures 6A, 6B , and 6E) (t = 2.3 min), whereas ube3d morphants exhibited a significant delay in melanosome retraction ( 
Knockdown of ube3d in Zebrafish Decreases Dark-Induced Hyperlocomotor Activity under Light-Off Conditions
Behavioral tests demonstrated that ube3d morphants exhibited aberrant locomotor responses during the light-off phase ( Figure S3 ), including reductions in the total distance traveled and the total time spent moving. These findings strongly indicate that ube3d plays an important role in visual functions and that ube3d dysfunction can cause abnormal activity.
Knockdown of ube3d in Zebrafish Promotes Angiogenesis
To compare the distribution pattern of blood vessels between WT zebrafish and ube3d morphants, we used Tg(flk:mCherry, flila:EGFP) zebrafish as a control. As shown in Figure 7 , Fli1a and flk1 expression levels were significantly higher in the e2-MO ube3d morphants than those in the controls.
In Vitro Identification of Recombinant Plasmid UBE3D
The positive clones were identified after PCR amplification. The detected sequence was identical to the known human www.moleculartherapy.org UBE3D sequence in GenBank (Gene ID 90025). A western blot revealed a 32-kDa band in cell extracts, which was in accordance with the expected size of an UBE3D-Flag confluency protein (28 kDa-36 kDa). These results indicate that the UBE3D recombinant plasmid was successfully expressed in hRPE cells and suggested that the cells were successfully transduced with lentivirus.
Overexpression/Low Expression of UBE3D by Stable Transfection of UBE3D
Total mRNA and protein extracts were prepared from lentiviral vector control (NC), overexpression of UBE3D-transfected (UBE3D-up), lentiviral nonspecific control (NS), and low expression of UBE3D-transfected (UBE3D-down) hRPE cells. The UBE3D mRNA and protein expression levels in these cells were determined by real-time RT-PCR and western blot assays, respectively. Real-time RT-PCR demonstrated that the mRNA levels of UBE3D protein expression in the transfectants overexpressing UBE3D were increased compared with those in the lentiviral vector control (NC) transfectants, which was consistent with the increased UBE3D protein expression (p < 0.01; Figure 8A ). In contrast, compared with the lentiviral nonspecific control (NS) transfectants, the levels of UBE3D protein expression in the transfectants containing the UBE3D-down vector were decreased (p < 0.01; Figure 8B ). Western blots showed consistent results (p < 0.05; Figures 9A and 9B ). These results indicate that stable transfection upregulated or downregulated UBE3D expression in hRPE cells.
Effect of UBE3D on CyclinB1 Protein Expression
Real-time RT-PCR demonstrated that CyclinB1 mRNA expression levels exhibited an opposite pattern compared to those of UBE3D (p < 0.05; Figures 8A and 8B ). Western blots showed consistent results (p < 0.05; Figures 9A and 9B ). CyclinB1 is the product of UBE3D. A negative correlation between UBE3D and CyclinB1 expression was observed.
UBE3D Regulates hRPE Cell Proliferation and Migration
To determine the effect of UBE3D-induced hRPE cell proliferation, we quantified the metabolic activities of UBE3D-up, NC, UBE3D-down, and NS cells using the cell counting kit-8 (CCK-8) assay. UBE3D-up cell proliferation was enhanced by 21% compared with NC cell proliferation (p < 0.05, Figure 10) . In contrast, UBE3D-down cell proliferation was increased by 18% compared with NS cell proliferation (p < 0.05, Figure 10 ).
To explore the role of UBE3D in the migration of hRPE cells, we used a modified Boyden chamber in which the cells migrated through a porous membrane. The mean counts of migrating cells in the UBE3D-up group were significantly higher than those in the NC group (p < 0.05, Figure 11 ). In contrast, the mean counts of migrating cells in the UBE3D-down group were significantly lower than those in the NS group (p < 0.05, Figure 11 ).
Effects of UBE3D on Caspase-3, p38MARK, LC3, P62, and Beclin1 Protein Expression
To investigate a possible mechanism of UBE3D in oxidative damage in hRPE cells, we performed western blot to assess the protein levels of cleaved-caspase-3, p-p38MARK, LC3, P62, and Beclin1. We observed significant downregulation of cleaved-caspase-3, p-p38MARK, LC3II, and Beclin1 in the UBE3D-up group compared with the corresponding observations in the NC group (p < 0.05, Figures 12A-12C and 12E). In contrast, the levels of cleaved-caspase-3, p-p38MARK, LC3II, and Beclin1 were upregulated in the UBE3D-down group compared with those in the NS group (p < 0.05, Figures 12A-12C and 12E). A negative correlation between LC3II and P62 expression was observed ( Figure 12D ).
DISCUSSION
Accumulation of abnormal proteins and dysregulation of angiogenesis in the retina have been associated with the formation of drusen and choroidal neovascularization (CNV), which are hallmarks of AMD. 16, 17 The major role of the UPS is to prevent accumulation of abnormal proteins. 8, 17 Therefore, dysfunction in the UPS may contribute to the development of AMD. In this study, we established a ube3d-knockdown model in zebrafish to study the roles of ube3d, an important component of the UPS, during retinal development and normal visual functions in zebrafish.
The zebrafish retina is a well-laminated structure that is similar in many ways to the retinas of other vertebrates. The morphological differentiation of the retina is a complex process that involves cellular differentiation and regulation of synaptic connectivity. Previous reports have indicated that the UPS plays a crucial role in retinal differentiation and development in mammals. [18] [19] [20] Genetic screens in Drosophila have shown that mutations in the genes encoding a ubiquitin ligase (E3) and ubiquitin-specific protease enzymes can lead to axon guidance defects, including defects in the regulation of synaptic connectivity. 21 Other reports have shown that inhibiting the UPS in developing Xenopus retinal ganglion cells (RGCs) decreased terminal arborization, which is the basis of synaptic connectivity, in vivo. 18 In addition, several transcription factors and signaling molecules known to be involved in normal retinal differentiation are degraded by the UPS. 17 For example, microphthalmia-associated transcription factor (MITF) plays a crucial role in melanin biosynthesis in RPE cells, and the UPS regulates RPE differentiation by targeting MITF for proteasomal degradation. 20 Retinal development is a complex process including both normal cellular differentiation and normal cell apoptosis. The apoptotic process is highly regulated by the UPS. Some members of the inhibitors of apoptosis family belong to the E3 family, and these factors block apoptosis by inactivating pro-apoptotic caspases by targeting them for ubiquitination. 22 In agreement with these reports, we found that knockdown of ube3d in zebrafish delayed eye development, reduced eye size, caused apoptosis, and resulted in retinal degeneration. Ube3d is likely involved in regulating the levels of the transcription factors and signaling molecules that control retinal differentiation and development. In our previous study, homozygous mice all died young, and abnormalities in eye development in Ube3d + /heterozygous mice was not observed. This evidence strongly indicates that ube3d is important during mouse development.
In the vertebrate eye, RPE cells lie next to photoreceptor OSs, which are the outermost cells in the retina. Interactions between these two cell types are essential for functional differentiation in the retina. [23] [24] [25] Light collection is an essential task of the retina, especially for the light-sensitive photoreceptor OSs. Because they are exposed to high levels of light throughout the day, many photoreceptor OSs are damaged as a result of photo-oxidative damage. To maintain normal functions, the damaged photoreceptor OSs are constantly being removed by phagocytosis by cells in the RPE layer. 26, 27 A functional RPE is therefore required to digest photoreceptor OS membranes by taking them up into phagosomes, indicating that the length of a photoreceptor OS is constantly being regulated by coordination between the RPE layer and photoreceptors. 27 The UPS has been shown to be involved in many cellular processes, including regulation of immune responses and inflammation. Because the RPE is a major retinal source of inflammation, impairment of the UPS may contribute to RPE dysfunction, which may result in photoreceptor OSs becoming abnormally elongated. 28 In the present study, we found that knockdown of ube3d in zebrafish led to an increase in the number of deposited pigment granules and an abnormal photoreceptor outer segment layer. These data are consistent with those in our previous study showing that more pigment granules were deposited in the RPE microvilli in UBE3D + /heterozygous mice than in WT mice, indicating that dysfunction of ubiquitin protein ligase (E3) results in the accumulation of extracellular deposits. 14 Melanosome transport is widely used as a model to analyze intracellular transport. In mammals, melanosomes are produced within skin melanocytes, RPE cells, and other cell types throughout the body. Retrograde melanosome transport toward the microtubule minusends at the cell center is accomplished by dynein and dynein-associated proteins, and this process can be used to evaluate melanosome motility within pigmented cells. [29] [30] [31] In RPE cells, melanosome motility is achieved by RPE microvilli. In our previous study, we reported that more pigment granules were deposited in the RPE microvilli of Ube3d + /heterozygous mice than in those of WT mice. 14 In the current study, we observed that knockdown of ube3d in zebrafish significantly delayed melanosome retraction, further indicating the ube3d may be involved in RPE microvilli functions.
Angiogenesis, the process that results in the formation of new capillaries, plays a crucial role in several human diseases, including retinal (E) Graphical representation demonstrating that OS (arrow) lengths were shorter in the ube3d morphants than those in the WT larvae. (F) Graphical representation demonstrating that more pigment granules were deposited in the photoreceptor OS layer in ube3d morphants than were deposited in WT larvae. (G) Photoreceptor OSs (arrow) were present in WT 120-hpf larvae (with Â2,550 and Â4,200 magnification, as indicated). (H) Enlargement of (G). (I) Photoreceptor OSs were not observed in the ube3d morphants at 120 hpf (with Â1,700 and Â6,000 magnification, as indicated). (J) Enlargement of (I). The data are presented as the mean ± SD. *p < 0.05.
diseases. Inhibitors of angiogenesis have been widely used in clinical settings as a novel therapeutic strategy. 32, 33 An increasing number of studies indicate that an organized distribution pattern of blood vessels in the retina is required for normal retinal development. Abnormal angiogenesis has been observed in AMD, 33, 34 and deregulation of vascular endothelial growth factor (VEGF) expression has been shown to contribute to abnormal angiogenesis. A previous in vitro study showed that impairment of the UPS resulted in increased expression and secretion of pro-angiogenic factors, including VEGF, in RPE cells. 35 In the current study, we used the Tg(flk:mCherry, flila:EGFP) line of zebrafish in experiments to determine the function of ube3d in angiogenesis. Friend leukemia integration 1a (Fli1a) is a downstream target of E 26 transforming specific family variant 2 (Etv2), which is essential to the initiation of vascular morphogenesis in early zebrafish embryos. 36 Various forms of VEGF bind to various VEGF receptors (VEGFRs) to induce angiogenesis, and the VEGF-VEGFR2 pathway is particularly important for the regulation of angiogenesis. Flk1 is the gene that encodes VEGFR-2 (also known as KDR/flk-1). 37 In the data presented in this study, we show that knockdown of ube3d increased the expression levels of Fli1a and flk1, which resulted in an increase in angiogenesis. These results further confirm the association between ube3d and neovascular AMD, a hallmark of which is angiogenesis. However, we did not obtain positive results in our experiments aiming to induce angiogenesis in Ube3d + /heterozygous mice in our previous study. We propose two reasons for this discrepancy: first, Ube3d + /mice were used, which exhibited normal retinal vessels, a second, the Ube3d + /mice (3 months of age) in our experiments may not have been sufficiently old to develop abnormal angiogenesis under the experimental conditions.
To demonstrate a potential link between ube3d and AMD, in vivo studies are required to reveal the mechanisms underlying this relationship. Our experiments at both the gene level and protein level show a negative correlation between UBE3D and CyclinB1 ( Figures  8 and 9 ). We verified that ubiquitin ligase (E3) could specifically identify CyclinB1, which was undergoing ubiquitination and then degradation. CyclinB1 is a key cell-cycle regulator in the progression of mitosis, and the ubiquitin-protein degradation system plays an important role in mitosis regulation. 38 Identifying specific E3 ligase substrates and correcting the pathological state of E3 ligase activation may become medical intervention strategies for AMD.
Oxidative damage to cellular components is known to be largely involved in the pathogenesis of AMD. 39, 40 In this study, after induction of oxidative damage, proliferation ( Figure 10 ), and migration ( Figure 11 ) abilities were better in the UBE3D-up group compared with those in the NC group. As expected, proliferation and migration abilities became worse in the UBE3D-down group, indicating that hRPE cells in the UBE3D-down group were more sensitive to oxidative damage. Thus, UBE3D may play a role in maintaining the normal physiologic functions and homeostatic functions of hRPE cells.
Western blot analysis ( Figure 12 ) showed that the protein levels of cleaved-caspase-3 and p-p38 were downregulated in the UBE3Dup group, while opposite results were observed in the UBE3Ddown group, indicating that ubiquitin proteasome dysfunction was involved in the pathological course of oxidative damage. One study found oxidative damage and ubiquitin-proteasome system disorder in macular drusen and retinal tissue biopsies from AMD patients. 41 Ubiquitin is present throughout the retina in the RPE. E1 and E2 activities of the ubiquitin conjugation system have been reported to be increased in the human lens and RPE cells in response to mild oxidative stress. 42 The pathogenesis of age-related macular degeneration (AMD) essentially involves chronic oxidative stress, increased accumulation of lipofuscin in RPE cells, and extracellular drusen formation, as well as chronic inflammation. The capacity to prevent the accumulation of cellular cytotoxic protein aggregates is decreased in senescent cells, which may evoke lipofuscin accumulation in lysosomes in post-mitotic RPE cells. This presence of lipofuscin decreases lysosomal enzyme activity and impairs autophagic clearance of damaged proteins, which should be removed from cells. Proteasomes are another crucial proteolytic machine that degrade cellular proteins damaged by oxidative stress. 43 In this study, the expression levels of autophagy-related protein also changed. The protein levels of LC3II and Beclin1 were downregulated in the UBE3D-up group, while opposite results were observed in the UBE3D-down group, suggesting interactions between the UPS and autophagy. A negative correlation was found between LC3II and P62 expression. P62 is an encoding ubiquitin binding protein for SQSTM1 and is involved in both UPS and autophagy protein degradation processes. 44 The UPS and autophagy-lysosome pathway (ALP) are the two most important mechanisms that normally repair or remove abnormal proteins. Whereas the ubiquitinproteasome system is involved in the rapid degradation of proteins, autophagy pathways can selectively remove protein aggregates and damaged or excess organelles. Although autophagy has long been viewed as a random cytoplasmic degradation system, the involvement of ubiquitin as a specificity factor for selective autophagy is rapidly emerging. 45 In conclusion, we show that ube3d is essential for eye development and the maintenance of the normal functions of the eye in zebrafish. Dysfunction in ube3d may contribute to the development of neovascular AMD. Further, we identified a negative correlation between UBE3D and CyclinB1. The UBE3D gene was involved in the pathogenesis of age-related macular degeneration. Low UBE3D expression can promote oxidative damage and inflammatory reactions. UBE3D and autophagy may have a synergetic effect on anti-oxidative damage.
MATERIALS AND METHODS
In Vivo Zebrafish Care and Ethics Statement
The Tübingen strain of zebrafish and Tg(flk:mCherry, flila:EGFP) zebrafish were raised at $28.5 C under standard conditions with a 14-h light and 10-h dark cycle. All of the experiments were performed in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Peking University. The procedures were approved by the Animal Care and Use Committee of Peking University People's Hospital (2011-72, Beijing, China).
WISH of ube3d
WISH is a process that allows detection of the expression and localization of mRNA in fixed embryos. WISH was performed essentially as previously described. 46 NBT/BCIP (50 mg/mL; Promega) was used as an alkaline phosphatase substrate. To obtain the probe for in situ hybridization, we amplified ube3d cDNA by PCR using the primer pairs 5 0 -AGATGTGAAGATCGAATCCAAAC-3 0 and 5 0 -ACATC CACAACATCTCTGAGCTT-3 0 and then cloned into pEASY-T3 (TransGen). The plasmid was then linearized with ApaI, and in vitro transcription was performed using the SP6 RNA polymerase. The localization of ube3d mRNA was detected in WT zebrafish ( Figure S1 ).
Zebrafish Injections for Morpholino Knockdown and Rescue
The following antisense MOs were designed against ube3d (Ensembl: ENSDART00000038036): E2I2 MO, 5 0 -ATCTTAGCGTGTACCTGTTGGC TGC-3 0 and ATG MO, 5 0 -CATCTGTGTTCG CAGTCTCTTCCAT-3 0 . They were obtained from Gene Tools (Corvallis, OR, USA). We injected 10 ng of the MOs diluted with phenol red tracer into one-cell-stage embryos. For the rescue experiments, capped human full-length ube3d mRNA was synthesized using the mMessage mMachine T7 kit according to the manufacturer's instructions (AM1344; Ambion, Grand Island, NY, USA). 400 picograms of UBE3D mRNA were coinjected with the morpholinos into one-to two-cell-stage embryos.
RT-PCR
Total RNA was extracted from splice-blocking morphants (5 embryos/ stage) at 72 hpf and synthesized into cDNA. The effect of ube3d-E2I2-MO on mRNA splicing was then analyzed using the following primers, which amplified the product of either normal splicing or exon 2 skipping: primer pair e1 (5 0 -TTTATTGAGCTCAGACAGAAGCTG-3 0 ) and e3 (5 0 -GCCCGTGTCAGACTCTCATC-3 0 ). The expression of b-actin was analyzed as an internal control.
The Ube3d ATG-MOs target sequence and a full-length GFP cDNA were amplified using PCR with the forward primer 5 0 -cgg atccCCAATGGAAGAGACTGCGAACACA GATGTGAGCAAG GGCGAGGAGCTG-3 0 and the reverse primer 5 0 -GGACGAG CTGTACAAGTAAtctagag-3 0 . Then, the ube3d ATG-MO-GFP cDNA was digested and ligated into the pCS2vector between its BamHI and XbaI cloning sites. Ube3d ATG-MO-GFP mRNA was synthesized using an mMessage mMachine kit (Ambion) from a pCS2-GDNF vector that was linearized with NotI, transcribed using SP6, ethanol precipitated, and resuspended in sterile distilled water for injection at a concentration of 100 ng/nL. To test the specificity of the ATG-MO, we generated a modified pCS2-GFP containing the MO target sequences for the ube3d ATG-MO directly upstream of the corresponding start codon ( Figure S2 ).
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Quantification of Eye/Body Size
To compare the eye-to-body ratio between WT and morphant zebrafish embryos, we measured the diameters of zebrafish eyes and body lengths using the software ImageJ (National Institutes of Health, Bethesda, MD, USA) in images of whole embryos collected using an Axioimager Z1 fluorescence microscope (Zeiss) and an AxioCam MRm digital camera. Eye-to-body length ratios were determined by collecting one image showing the area with the widest diameter from each morphant or WT embryo.
Whole-Mount TUNEL Assay
Embryos (n = 20/groups) were fixed overnight at 72 hpf in 4% paraformaldehyde, dehydrated in a series of phosphate-buffered saline (PBS)/ ethanol solutions, and then incubated in 100% acetone at À20 C. Then, the embryos were rehydrated and permeabilized by incubating them in a solution of proteinase K in PBS with 0.1% Tween-20 (PBST). TUNEL-positive cells were detected using an In Situ Cell Death Detection Kit, POD (Roche Applied Science, Rotkreuz, Switzerland), according to the manufacturer's instructions.
Histopathological Observation
At 4 months post-injection, the zebrafish were euthanized with a lethal dose of tricaine methanesulfonate, and their eyes were removed and dissected. Paraffin-embedded sections were then prepared from whole eyes. Serial sections (5 mm) were stained using a conventional hematoxylin and eosin (H&E) protocol, and the slides were then observed using a microscope (Olympus, Japan).
TEM
Zebrafish control animals and zebrafish subjected to MO knockdown for 72 h, 120 h, or 4 months were fixed using 3% glutaraldehyde in 0.1 M PBS (pH 7.0) for 2 h at 4 C. The zebrafish were then post-fixed in 1% osmic acid in the same buffer, dehydrated in ethanol, and embedded in epoxy resin. Thin sections (1,000 nm) were cut and then stained with toluidine blue. Finally, thinner sections (70 nm) were stained with uranium and lead prior to examination using a transmission electron microscope (FEI Company, Hillsboro, OR, USA).
Melanosome Transport Assay
After an overnight dark-adaptation period, control and MO-knockdown zebrafish (120 hpf) were exposed to epinephrine by adding this agent to the embryonic medium to obtain a final concentration of 500 mg/mL, as previously described. 47 Melanosome retraction was continuously monitored under a bright-field microscope, and the endpoint was achieved when all melanosomes in the head and trunk were perinuclear. 
Behavioral Observation
EthoVision-XT software (Noldous Information Technology, Netherlands) was used to track the location of the zebrafish to assay general locomotor activity. In the present study, 144-hpf WT and MO zebrafish (n = 6/group) were placed in 24-well plates with fresh zebrafish system water. During recording of locomotor activity, each zebrafish was kept in one well (area = 2 cm 2 ) for a total of 50 min as follows: after allowing 10 min for adaptation to the environment, measurements were performed for the next 40 min, which consisted of two 20-min light/dark cycles (light on for 10 min and light off for 10 min). Measurements included the total distance traveled, the velocity of travel and the duration of movements. All zebrafish were tested between 10:00 and 11:00 a.m.
Imaging
All micrographs were obtained under the same conditions and saved as TIFF files. The images were processed using graphics software (Adobe Photoshop CS5, Adobe Systems, San Jose, CA, USA).
In Vitro Cell Culture and Lentivirus Transduction
We obtained hRPE cells from the American Type Culture Collection (ARPE-19, CRL-2302; ATCC, Manassas, VA, USA). The cells were cultured in a 1:1 mixture of Dulbecco's Modified Eagle's Medium and F12 (GIBCO, Grand Island, NY) supplemented with 10% FBS at 37 C in 5% CO 2 and 95% humidity. When the hRPE cells were approximately 50% confluent in fresh serum-free medium, they were transiently transduced with control lentivirus, UBE3D-up expression lentivirus or UBE3D-down expression lentivirus at MOI (multiplicity of infection) of 10. The cells were further cultured in DMEM with 10% FBS after infection for 4 h. When more than 90% of the transduced cells were found to strongly express GFP under fluorescence microscopy, the hRPE cells were plated in six-well culture dishes and used for experiments at 80% to 90% confluence, and the cells were incubated in DMEM with 1% FBS for 24 h before tert-butyl hydroperoxide (t-BHP, 500 mM, Sigma-Aldrich) was added to the wells. Cells were collected at the 4-h time-point after t-BHP treatment.
RNA Isolation and Relative Quantitative Real-Time PCR
Total RNA was isolated from hRPE cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Reverse transcriptase reactions were performed using a RevertAid First Strand cDNA Synthesis Kit with oligo-dT primer (Fermentas, Pittsburgh, PA, USA). Real-time PCR reactions were performed with SYBR Green PCR mix (Thermo, Pittsburgh, PA, USA) using an ABI7300 real-time PCR system (Applied Biosystems, Life Technologies, Foster City, CA, USA) with 10 mL reaction mixtures containing 1 mL of cDNA, 3.5 mL of sterilized water, 5 mL of SYBR Green Real-Time PCR Master Mix, and 0.5 mL of primer (10 mM).
The UBE3D and CyclinB1 amplification signals were normalized to the housekeeping gene human glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and relative multiples of changes in mRNA expression were determined by calculating the fold change = 2-DDcq. Each experiment was repeated five times. The primers used for real-time PCR are shown in Table 1 .
In Vitro Cell Proliferation Assay
The cell proliferation assay was performed as described previously. 48 The hRPE cells were incubated in 96-well plates. CCK-8 (Dojindo, Japan) assays were performed according to the manufacturer's instructions. The absorbance at 450 nm was measured using an ELISA plate reader (Finstruments Multiskan Models 347; MTX Lab Systems, Vienna, VA, USA). Each experiment was performed in five wells and repeated at least three times.
Cell Migration Assay in hRPE ells
The hRPE cell migration study was performed using Transwells (Cat#3422; Corning, Tewksbury, MA, USA) as described previ-ously. 49 Briefly, 5 Â 10 4 cells were placed in the upper chamber in a final volume of 200 mL of serum-free medium. The DMEM/F12 medium with 10% FBS was placed in the bottom chamber at a final volume of 600 mL. All migration assays were conducted at 37 C for 6 h, and the cells were then fixed in 4% paraformaldehyde (PFA) and stained with 4,6-diamidino-2-phenylindole (DAPI; Roche Diagnostics, Indiana-polis, IN, USA). The remaining cells were wiped away with a cotton swab, and the membrane was imaged under fluorescence microscopy (Zeiss Axiophot, Thornwood, NY, USA). The hRPE cells in five random fields of view were counted. Each experiment was repeated three times.
Protein Extraction and Western Blot Analysis
The hRPR cells were washed three times with ice-cold PBS (4 C, pH 7.4) for 5 min at room temperature and prepared using a protein extraction kit and a protease inhibitor kit (Pierce, Rockford, IL). After centrifugation, the supernatant was collected, and the protein content of each lysate was measured with a bicinchoninic acid (BCA) protein assay kit (Pierce) according to the manufacturer's instructions. Equal amounts of protein (40 mg) were separated by a 12% sodium dodecyl sulfate (SDS) polyacrylamide gel and transferred onto a 0.22-mm polyvinylidene fluoride (PVDF) membrane (Millipore). The primary antibodies used to probe the membranes included anti-UBE3D (1:500, PAB21883, Abnova, USA), anti-CyclinB1 (1:1,000,# 4138, CST, USA), anti-caspase-3 (1:500, ab13847, Abcam, Cambridge, MA, USA), anti-p38 mitogen-activated protein kinases (p38MARK) (1:1,000, #8690, CST, USA), anti-phosphorylated p38 MAPK (p-p38MARK) (1:1,000, #4511, CST, USA), anti-P62 (1:2,000, PM045, MBL, Japan), anti-light chain3 (LC3) (1:1,000, #2775, CST, USA), anti-Beclin1 (1:2,000, ab207612, Abcam, Cambridge, MA, USA) and anti-b-actin (1:2,000, #4970 CST, USA). The membranes were washed and incubated with peroxidase-conjugated secondary antibodies (1:5,000, Boster, China). The proteins were visualized with enhanced chemiluminescence western blot detection reagents (Millipore).
Statistical Analysis
Data analyses were performed using SPSS software, version 22.0 (SPSS, Chicago, IL, USA). All data are presented as the means ± standard deviation (SD). Differences between groups were evaluated using the Mann-Whitney U test. A p value less than 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, and ***p < 0.001 in the figures).
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